The sequence (16,829 nt) of the complete mitochondrial genome of the greater Indian rhinoceros, Rhinoceros unicornis, was determined. Like other perissodactyls studied (horse and donkey) the rhinoceros demonstrates length variation (heteroplasmy) associated with different numbers of repetitive motifs in the control region. The 16,829-nt variety of the molecule includes 36 identical control region motifs. The evolution of individual peptide-coding genes was examined by comparison with a distantly related perissodactyl, the horse, and the relationships among the orders Carnivora, Perissodactyla, and Artiodactyla (+ Cetacea) were examined on the basis of concatenated sequences of 12 mitochondrial peptide-coding genes. The phylogenetic analyses grouped Carnivora, Perissodactyla, and Artiodactyla (+ Cetacea) into a superordinal clade and within this clade a sister group relationship was recognized between Carnivora and Perissodactyla to the exclusion of Artiodactyla (+ Cetacea). On the basis of the molecular difference between the rhinoceros and the horse and by applying as a reference the ArtiodactyVCetacean divergence set at 60 million years ago (MYA), the evolutionary divergence between the families Rhinocerotidae and Equidae was dated to ~50 MYA.
Introduction
Sequence data of mitochondrial DNA (mtDNA), notably the peptide-coding genes, have become a widely used tool for addressing phylogenetic relationships at various levels, especially among mammals. The importance of using comprehensive amounts of mitochondrial sequence data for inferring phylogenetic relationships was demonstrated by Cao et al. (1994) , who, on the basis of analyses of complete mtDNAs, showed that different mtDNA genes provided different topologies for the ordinal relationship among Primates, Rodentia, Carnivora, Artiodactyla, and Cetacea. The topic that individual mtDNA genes (cytochrome b, COII) may provide different tree topologies has also been addressed by Honeycutt and Adkins (1993) and Honeycutt et al. (1995) .
The mtDNA findings of Arnason and Johnsson (1992) and Janke et al. (1994) grouped Carnivora, Artiodactyla, and Cetacea into a superordinal clade, consistent with the nuclear data of Li et al. (1990) and Bulmer, Wolfe, and Sharp (1991) . These analyses lacked, however, a suitable ungulate representation for conclusively assessing this relationship. The availability of the complete mtDNA of the horse (Xu and Arnason 1994) amended this shortcoming and a recent phylogenetic study including the horse and the hedgehog (Krettek, Gullberg, and Arnason 1995) identified the relationship among Perissodactyla (horse), Camivora, and Artiodactyla (+ Cetacea) as essentially that of an unresolved triochotomy. The inclusion of the hedgehog was essential for these conclusions because of the proposal of phylogenetic affinities between Lipotyphla (hedgehog) and Carnivora (Miyamoto and Goodman 1986; MacPhee and Novacek 1993; Wyss and Flynn 1993) . The analysis of Krettek, Gullberg, and Amason (1995) yielded no support to this understanding, however, showing that the Lipotyphla (as represented by the hedgehog) had a basal position among the eutherians included.
We report now the complete mtDNA molecule of the greater Indian rhinoceros (hereafter referred to as Indian rhinoceros), Rhinoceros unicornis, which represents a family, Rhinocerotidae, that is distantly related to the Equidae. On the basis of this improved perissodactyl representation and by including also the mtDNA of the domestic cat (Lopez et al. 1996) , we reexamine the mtDNA relationships among Carnivora, Perissodactyla, and Artiodactyla + Cetacea and propose a molecular dating of the divergence between the families Rhinocerotidae and Equidae.
Materials and Methods

Mitochondrial
DNA was isolated from a frozen kidney sample of Indian rhinoceros ("Mu-is") that died in Zoologischer Garten Berlin AG, Germany. The sample was kindly provided by Dr. Reinhard Goltenboth. The isolation of mtDNA followed the same procedure as described in Arnason, Gullberg, and Widegren (1991) . The enriched mtDNA was digested separately with BgZ II, BZn I, Hind111 and Spe I. The products were ligated directly into Ml 3 and cloned in E. coli JM109. Positive clones were identified by hybridization using mtDNA fragments of the horse and donkey as labeled probes. Sequencing of cloned fragments was performed on single-stranded DNA applying the dideoxy termination technique with [35S]dATI? The work was performed manually using both universal and numerous specific oligonucleotide primers. The entire mtDNA molecule was covered by natural (not PCR) clones. Complementary to the natural clones the repetitive portion of the control region was sequenced after Ml3 cloning of PCR-amplified fragments in order to determine the numbers of repetitive motifs. The mtDNA sequence of the greater Indian rhinoceros has been deposited at the EMBL data bank with accession number X97336. Users of the sequence are kindly requested to refer to the present paper and not only to the accession number of the sequence.
Results and Discussion
General Features of the Mitochondrial
Genome of Indian Rhinoceros
The length of the complete mtDNA sequence of the Indian rhinoceros, Rhinoceros unicornis, presented here is 16,829 base pairs. Like the mtDNAs of other perissodactyls, the control region of the Indian rhinoceros is characterized by tandemly arranged repetitive motifs. Therefore, the length of the molecule is not absolute. The nt composition of the L-strand and different features of the molecule is given in table 1. The nucleotide composition of different regions of the mitochondrial genome is consistent with that of other mammals . The underrepresentation of guanine in the L-strand is particularly pronounced at third codon position where all transitions are silent. Underrepresentation of this kind is not observable, however, in the control region.
The control region presently reported is 1,376 nt long with a continuous run of 36 identical repetitive motifs, 5'-CACATGTA.
The repetitive motifs are located in the 3' part of the control region in positions 16194-1648 1 of the complete sequence. The motif has the purine/pyrimidine alternation that characterizes most mammalian mtDNA motifs so far described (Ghivizzani et al. 1993; Hoelzel, Hancock, and Dover 1993; Xu and Arnason 1994) . The number of repeats was determined in a total of 48 clones (23 natural .and 25 PCR clones). The lowest number of repeats was 3 and the highest was 36. The characteristics of the repeat motifs in the three perissodactyl families, Rhinocerotidae, Tapiridae, and Equidae will be dealt with in a separate paper.
Two peptide-coding genes, NADH3 and NADHG, do not have a methionine start codon. Comparison with other mammalian mtDNAs suggests that the Indian rhinoceros has ATT (isoleucine) as the start codon of the NADH3 gene and GTG (valine) as the start codon of NADH6. Both these codons appear to be potential start codons in different mammalian mtDNAs (e.g., Xu and Arnason 1994). Three of the 13 peptide-coding genes, COIII, NADH3, and NADH4, are not terminated by a complete stop codon. Among mammals the occurrence of a complete stop codon in CO111 has only been reported in the fin (Arnason, Gullberg, and Widegren 1991) and the blue whales, and NADH3 is terminated by a complete stop codon only in the mouse (Bibb et al. 1981 ) and the rat (Gadaleta et al. 1989) . A complete stop codon in NADH4 has not been described so far in any mammalian mtDNA. The COIII, NADH3, and NADH4 genes of the Indian rhinoceros have incomplete stop codons (T in CO111 and NADH4, and TA in NADH3), consistent with the findings that the transcripts of such genes contain a stop codon created by posttranscriptional polyadenylation (Ojala, Montoya, and Attardi 198 1) . The boundaries of the 22 tRNA genes of the mtDNA of the Indian rhinoceros were determined by analogy with the tRNA genes of different eutherians. Twenty of the tRNA genes of the rhinoceros mtDNA have the standard secondary structure discussed by Kumazawa and Nishida (1993) . The features of these tRNAs, as well as those of the structurally atypical tRNA-Ser(AGY) and tRNA-Ser(UCN), conform with those described for other eutherians.
Comparison with the mtDNA of the Horse
In the present study we give an account of the molecular difference between two distantly related species of the order Perissodactyla, the Indian rhinoceros and the horse. The percentage nt composition of the mtDNA (L-strand) outside the control region of rhinoceros/horse is similar: A = 33.81325; C = 27.5128.4; G = 12.6/ 13.3; T = 26.V25.8. The corresponding percentages for the control region are: A = 32.5/27.3; C = 27.2/30.9; G = 13.6/15.5; T = 26.7/26.3. Alignment of the mt-DNA molecules of the rhinoceros and the horse, less the control region, shows a sequence difference of 15.6%. In addition to indel (insertion/deletion) differences in genie regions this alignment shows three indels in nongenie regions, one at the junction between tRNASer(UCN) and tRNA-Asp, one between tRNA-Arg and NADH4L, and one in the loop of origin of L-strand replication.
The length of the NADH2 gene of the rhinoceros is 1,044 nt, 3 nt (one codon) more than that of the horse. Other peptide-coding genes have the same length in the two species. The nt differences (both total and conservative) were detailed according to codon position and type of substitution (transition or transversion) (table 2). The 13 peptide-coding genes differ by a total of 1.923 substitutions, 16.9%. The ratio for these differences with respect to codon positions 1, 2, and 3 is 2.3: 1:8.9, as compared with 3.5: 1:25.7 in the intrageneric comparison between the horse and the donkey . The total number of conservative nt substitutions is 960 (8.4%). The codon position ratio for these differences is 1.6:1:3.6, as compared with 1.5: 1: 2.1 in the horse/donkey comparison. The two sets of ratios for conservative nt substitutions show that the accumulation of substitutions in second codon position and the accumulation of nonsynonymous substitutions in first codon position have the same rate in the close (horse/donkey) and the distant (horse/rhinoceros) rela- --
588
NOTE.---'fi: transitions; TV: transversion; a: number of differences involving leucine in both species; b: number of differences other than those involving leucine; cons. diff: conservative difference defined as all nonsynonymous nucleotide substitutions in first codon position, all substitutions in second codon position and transversions in third codon position. tionships and that this rate is considerably slower than that for accumulation of transversions in third codon position. The difference between the two sets of ratios for total nt substitution shows that there is a high degree of transition saturation in third codon position in rhinoceros/horse relative to horse/donkey. The findings suggest that there is a high degree of saturation in first codon position synonymous transitions (leucine) in the rhinoceros/horse comparison. Table 3 shows the results of a pairwise comparison between the 13 mitochondrial peptide-coding genes of the Indian rhinoceros and the horse. The table shows, for each gene, the percent total amino acid (aa) difference, the percent conservative nt difference (Irwin, Kocher, and Wilson 1991) , and the percent nt difference. The genes have been arranged according to increasing aa difference. Percent total aa difference was in the range 1.8 (COI) to 25.0 (ATPase8). For conservative nt substitutions the range was 5.1% (COI) to 12.7% (NADH6).
For total nt difference the corresponding range was 13.6% (NADH3) to 22.1% (ATPase8). The order of the genes, with respect to increasing difference, is highly similar between the two conservative modes of comparison, aa difference, and conservative nt substitutions. The amplitude for total nt difference is relatively limited among the 13 genes, consistent with (primarily) third codon position mutational saturation, and the order based on percent total nt substitution deviates to some extent from the order based on the other two approaches, which are more conservative.
The results of a pairwise comparison between each of the 22 tRNA genes of the Indian rhinoceros and the horse are shown in table 4. The differences are detailed according to position in secondary structures. There are a total of 169 differences included the following species: opossum, mouse, cow, fin whale, blue whale, domestic cat, harbor seal, grey seal, Indian rhinoceros, and horse. The phylogenetic analysis was based on the concatenated sequences of 12 peptide-coding mitochondrial genes. The NADH6 gene was not included because of the different nt composition of this gene relative to the other peptide-coding genes. The phylogenetic analyses were performed both on nt and aa sequences applying different analytical approaches.
Maximum-parsimony (MP) and neighborjoining (NJ) analyses were carried out with the PHYLIP program package (Felsenstein 1991) , whereas the maximum-likelihood (ML) analyses were performed with both the PHYLIP (DNAML) and the MOLPHY (Adachi and Hasegawa 1995) program packages (PROTML and NUCML). At the nt level the analysis was based on nonsynonymous substitutions at first codon position, all substitutions at second codon position, and transversions at third codon position. First, second, first + second, and first + second + third codon positions were analyzed separately in order to examine the degree of support provided by each character set for a particular topology. Except for NJ analysis of second codon position all phylogenetic analysis (ML analysis not shown) resulted in the topology shown in figure 1. The bootstrap support for individual branches (a-g) is summarized in table 6.
The phylogenetic analyses supported a sister group relationship between Carnivora and Perissodactyla although the support for this relationship was not significant in all modes of analysis. This relationship was examined further by ML analysis of the aa sequences (PROTML with mtREV matrix). The analysis was undertaken because, relative to nt analysis, this mode of analysis is relatively insensitive to mutational and com- positional effects. The three alternative hypotheses of the relationship between the carnivores and the ungulates were tested (table 7) . The sister group relationship between the Carnivora and the Perissodactyla received by far the largest support also in this approach, although the traditional view of carnivores being an outgroup to ungulates (+ cetaceans) could not be rejected at the 5% level. The overall good, and in the case of the NJ analysis of aa sequences significant, support for a carnivore/ perissodactyl sister group relationship contradicts the classical view of ungulate relationships.
The position of the cow was somewhat labile in the MP tree, but, consistent with previous studies , its grouping with the cetaceans was significantly supported by the NJ analysis. It is possible that the different support for the position of the cow, provided by different approaches, is a reflection of the somewhat slower evolutionary rate of the cow relative to the other species included in the analyses. If this is the case it suggests that NJ analysis is less sensitive to differences in evolutionary rates than is MP analysis.
Dating of the Evolutionary
Divergence Between Rhinocerotidae and Equidae Irrespective of the quality of fossil data, evolutionary separations are impossible to date precisely on the No-r-n.-Maximum-likelihood analysis of different combinations of the relationships among carnivores (CAR), perissodactyls (PER), artiodactyls (ART) and cetaceans (CET). The differences of the log likelihood values (AlnL) to that of best tree and their standard error as well as the bootstrap probabilities (pBoot) are shown. The bracketed value gives the log likelihood value of the best tree.
